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INTRODUCTION

HE USE of a discharge tube as a standard source
Tof microwave noise power has been suggested by

Mumford! and others?® with justifiable recog-
nition of its merits; it is stable, convenient, easily
adapted to microwave systems, and has a large excess
temperature. There is one drawback, however, which
precludes its use as a primary standard at present. In
order to qualify as a primary standard of a quantity, a
device must have its parameters related to the sig-
nificant fundamental units of length, mass, time, etc.,
through an accepted system of theoretical equations.®
Although the noise temperature is very nearly deter-
mined by the electron temperature of the plasma in the
discharge tube, and the electron temperature has been
calculated approximately,’™® this calculation hardly
satisfies the requirement of being “through an accepted
system of theoretical equations.”

Accordingly, the black body radiator through
Planck's Radiation Law still remains the primary
standard against which others must be calibrated for
high accuracy. In this paper, a procedure will be de-
scribed for calibration of the discharge tube against a
black body standard by means of an improved radiome-
try technique, and the black body itself will be dis-
cussed.

THE RADIOMETER
Fig. 1(a) is an illustration of the null-balance type
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Fig. 1—(a) Block diagram of symmetric null-type radiometer. (b)
Block diagram of nonsymmetric null-type radiometer.

radiometer.!?=1? This type seems to offer the best start-
ing point for a highly precise radiometer in that gain
and linearity of the receiver amplifier and detector law
do not appear in the balance equation or to a first order
in the error equation. Several advantages result from
modifying the radiometer to the configuration in Iig.
1(b). The signal paths for both the standard and the
source under test are more nearly identical. The inscr-
tion loss of the attenuator is eliminated as a source of

" uncertainty, since an attenuation difference mcasurc-

ment is now made. Asymmetries in the junction of the
arms, time variations in the mismatch of the modulat-
ors, andd reeeciver taismatch now do not enter into the
error analysis.? e system does depend, however, on
the waveguide switch being repeatable to the desired

degree of accuracy.
Ferrite modulators have been used in a scheme such
as this." These a: = rather convenient to use; however,

10 J. J. Freeman, “Noise comparator for microwaves,” Radio and
Television News, Radio Electronic Engrg. Sect., vol. 49, p. 1i;
1953.

1t H, Sutcliffe, “Noise measurements in the 3-cm waveband using
a hot source,” Proc. IEE, vol. 103B, pp. 673-677,; September, 1950.

12V, A. Hughes, “Absolute calibration of a standard temperature
noise source for use with S-band radiometers,” Proc. TEE, vol. 10313,
pp. 669-672; September, 1956.

" G.D. Ward private communicaticn,

" Based upon a suggestion bv ». M. Anderson, NBS, Boulder,
Colo. Although insnfficiently precise for our purpose, this offers an
excellent metﬁod for a iess demanding radiometer.
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Fig. 4—Sample chart recording, which illustrates sensitivity and stability.

that an error of even as much as 1°C in T4 contributes
at most 0.004 db to the final result.

The calibration of the attenuator can be performed
as accurately as the attenuator resettability. By the
operational technique in use, the attenuator readability
and resettability throughout the range used is within
0.002 db. The most serious part of the attenuation error
is that due to mismatch of an attenuator operating be-
tween imperfectly matched source and load. While the
attenuator used was creditable by ordinary standards
(having a VSWR of about 1.1), such a mismatch places
stringent requirements on both of the isolators in order
to keep the mismatch error to within 0.01 db. A refined
reflectometer technique!” was used to tune these isolators
with five-stub tuners to the required match over the
frequency band of interest. The waveguide switch and
flange mismatch errors were also evaluated by the re-
flectometer technique. A third five-stub tuner located
between the waveguide switch and the first isolator
permits a source mismatch of up to I, =0.01, still keep-
ing Ae well under 0.01 db. The minimum Ae error is
actually limited by waveguide switch repeatability and
is estimated at 0.002 db, based upon measurements.

The following procedure is used in making a com-
parison. With the waveguide switch putting the un-
known source into the system, the precision attenuator
indicator is set on one of the calibrated lines in the
vicinity of 11 db. The balance attenuator is then ad-
justed for null output. After the waveguide switch is
changed to the “standard” source, the precision attenua-
tor is readjusted to null. The sccond balance occurs with
the attenuator set in a range which is calibrated cvery
1/100 db; hence, the difference measurement is deter-
mined to better than 1/100 db.

Fig. 4 shows a measure of the sensitivity of the
radiometer to small unbalances. It is operating at a
power level about 4 db above that of the standard
source with a time constant of about one minute on the

" R. W, Beatty, G. F. Engen, and W. ]J. Anson, “Measurement
of reflections and losses of wavegulde joints and connectors using
microwave reflectometer techmgues,” this issue, p.-219. A swept
frequency adaptatlon of the reflectometer technique was used for
preliminary tuning, and then pomt -by-point measurements were
used to confirm the results,

output recorder. The limit of resolution is well within
the requirement of 0.01 db. It should be noted that the
most serious excursions of the output are associated with
line voltage surges and not with' the stochastic fluctua-
tions which are discussed in Dicke’s paper [1]. This
is a consequence of the exceedingly high gain used in
this system—of the order of 180 db. While the system
theoretically operates at a null, in practice it must, of
course, have a smail unbalance signal present.

THE PRIMARY STANDARD

While there have been attempts to devise other forms
of primary noise standards (such as the mercury drop
impuise generator),'® the approximate black body emit-
ter remains the most accurate and dependable primary
standard ‘of noise. In microwave usage, it consists of a
well-matched termination inserted into suitable high-
temperature waveguide, all of which is heated by a
furnace. This waveguide is in turn connected through
waveguide of low thermal conductivity to a water-
jacketed cooling section of waveguide. Such an assembly

is shown in Fig. 5.
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Fig. S—Illustration of hot load (exploded).

1) The hot load is composed of vitrified-bond silicon
carbide of approximately 150 grit, While the gric size
does not seem to be critical, the vitrified bond is neces-
sary to withstand the high temperature.

Various shapes of loads, such as center taper points,
E-plane wedges and H-plane wedges provide reasonably
good matches. The requirements held foremost here
were: first, a good match; second, a large area in con-
tact with the waveguide for efficient heat transfer; and
third, that the leading edge or point be at the wave-
guide boundary rather than in the center of the wave-

18 R, H. George, Purdue University, Lafayette, Ind., Progress
Rept. No. 30; 1951,
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they are susceptible to external magnetic fields and do

not possess the best stability. In the present system, two
rotary vane attenuators, as illustrated in Fig. 2, have
been modified to serve as modulators by removing the
stops and by replacing the bearings with others more
suitable for continuous rotation. A sixty-cycle syn-
chronous motor drives these by means of toothed pulleys
and timing belts which serve to maintain a 90° dif-
ference between the orientation of the two vanes. The
result Is a 'modulation system with low insertion loss,
high percentage of moduldtion, good stability, and a
good impedance match throughout the range of

attenuation.
A detailed block diagram of the modified radiometer

is shown in Fig. 3. A balancing attenuator and a refer-
ence source, a discharge tube, appear to the left of
the magic tee in the diagram. The average noise-power

output of the reference source is assumed- to remain con- -

stant throughout the time of the measurement. This has
been shown experimentally to be a good assumption.
The balancing attenuator is used to facilitate setting the
precision attenuator to a convenient level.

The precision attenuator assembly is located to the
right of the magic tee and is decoupled from the rest of
the system by approximately 40 db of isolation on both
sides. Broad-banded tuners on either side of the attenua-
tor serve to minimize the mismatch error.'

The balanced mixer is followed by a low noise pre-
amplifier and amplifier, both of which have a center
frequency of 30 mc and a nominal bandwidth of 8 mc.
The detected output from the IF amplifier is fed to an
ultra-stable, high-gain, 30-cps synchronous amplifier.’®
Finally, the output of the synchronous amplifier is put
through an adjustable damping circuit and observed on
a strip-chart recorder.

The balance equation of the radiometer can be de-
rived by equating the noise power at the output of the
right arm of the radiometer with the standard switched
in to that seen when the unknown is switched in. The
excess temperature of the unknown is related to the ex-
cess temperature of the standard by the balance
equation

Ty —Tq4

T =T, (1)

10 log,o = (a: - a;) + Ae,

where

T'g is the temperature of standard source as seen
at its terminal surface,

Tx is the temperature of the unknown source at
its terminal flange,

T, is the ambient temperature and temperature
of the waveguide system,

a3y —ay is the attenuation difference, corresponding to

the two settings of the precision attenuator,

® R, W, Beatty, “Mismatch errors in the measurement of ultra-
high-frequency and microwave variable attenuators,” J. Res, NBS,
vol. 52, pp. 7-9; January, 1954.

1 N. Larsen, report in preparation.
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Fig. 2—Illustration of moduiators.

[
1S0L

ATT — O

FREQ
PRE - SYNC|_ISTRIP
REF. IsoL .J% Anp kJ anNP [ Rec UNKNOWN
LEVEL . SOURCE
SOURCE
BAL 30~ 30~ PREC
Ferl s wop [ 150t Ty - 1oL
\ \\
N 3 PRIMARY
SOURCE

Fig. 3—Detailed block diagram of modified radiometer.

Aeis the difference in decibels between the
insertion loss of the path from the terminal
flange of the noise tube mount to the first five-
stub tuner and the terminal surface of the
standard to that tuner,

By insuring adequate decoupling following the pre-
cision attenuator, the only random errors entering, to'a
first order, into the radiometer set-up are those implicit
in the variables and parameters of (1), These are 1) an
uncertainty of T4, 2) an uncertainty in T, which will
be discussed in the next section, 3) an error in az—ay,
which can be caused by mismatch, by calibration, and
by limitation of resettability, 4) the fact that the two
paths from the standard and from the unknown to the
first five-stub tuner and load isolator differ slightly in-
troduces a small error, Ae db, because of the different
insertion loss of the two paths.

Let us consider in detail these sources of -error. The
error in the ambient temperature can be held to within
a small fraction of a degree, by keeping the entire system
in a temperature controlled room and monitoring the
temperature at the attenuators. By taking the differ-
ential with respect to T4 of the left side of (1). we can see




212

guide. Since the tip of the load is subject to some heat
crosion and indelicate handling, it should be located
where its sharpness least affects the match. In considera-
tion of these requirements, the load finally selected was
a diagonal wedge about four inches long. The voltage
reflection coefficient ranged from 0.01 to 0.002 for vari-
ous loads. .

2) The sclection of a high-temperature waveguide
material is limited to relatively few choices: Inconel,
stainless steel, nickel, platinum, rhodium, palladium,
silver, and gold, and plating or firing on various bases

including ceramics, are all possible. Plating processes,

however, are fairly uncertain, not only na to adhesion at
high temperatures, but also for conductivity extrapola-
tion to high temperatures. The most desirable choices
are silver and gold, because of their high electrical con-
ductivities. In order to operate the load at as high a
temperature as possible, gold was finally chosen. The
waveguide was formed of 0.025-inch sheet. Inasmuch
as it is used in a dead-soft condition, the position of the
waveguide is vertical to minimize sagging . The surface
conductivity was measured!” at room temperature after
annealing, and an extrapolation was made to high
temperatures for the necessary attenuation figures.'®
The use of a material with high electrical conductivity
relaxes the accuracy requirements on this extrapolation.

3) The transition section was made of 0.010-inch

nickel sheet, because the more desirable silver or gold
plating on inconel or stainless steel tended to blister or
peel at these temperatures. The electrical character-
istics of this three-inch section were obtained in the same
method as those of the gold section.

The furnace, as shown in Fig. 6, was constructed of
uncemented firebrick with a minimum thickness of 74
inches for proper insulation. The chamber is cylindrical,
six inches in diameter by eighteen inches long. The
vertical surface of the chamber is formed by an alumi-
num oxide core on which are wound three zonal Ni-
chrome heating elements. To facilitate uniform heating,
a pile-grade graphite cylinder surrounds the waveguide
and fills this chamber. The temperature is monitored by

calibrated platinum/platinum-10 per cent rhodium

thermocouples. Four of these are located in the graphite
and three more are inserted into slots from the lower end
of the hot load. Finally, to determine the temperature
distribution along the waveguide, additional thermo-
couple measurements were made at various points of the
waveguide. In order to reduce convection losses, a mica
window was placed between the nickel waveguide sec-
tion and the water-jacketed section.

The effective noise temperature at the terminal sur-
face (which we define as the interface between the
nickel section and the water-jacketed section) of the
primary standard is calculated as follows: The curve of
temperature vs distance (as measured along the wave-
guide from the tip of the hot load) is approximated by a

series of segments of constant temperature. It can be

¥ D. M. Kerns and R. W, Hedberg, “Propagation constant in
rectangular waveguide of finite conductivity,” J. Appl. Phys., vol. 25,
pp. 1550-1551; December, 1954. ‘
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shown?® that the noise temperature at the output of the
nth segment is

T sy, = 10""*“‘%?‘,.,(:3"““"‘ - 1)+ TJ (2)

where

Tn, is the noise temperature at the input end of the
nth segment,

Anis the total attenuation of the waveguide com-
prising that section, expressed in db, and

T,.' is the average wall temperature of that segment.

If Aais small, the expression for T(n4y, can be ex-
panded in powers of A, to first order with negligible
error

Tarn, = Ta, = 0.23A0(Tw, — Tny). (3)

In this manner, the total reduction in temperature of
the noise power can be calculated for the length of wave-
guide connecting the hot load to the‘terminal surface.
In order to evaluate the error in this calculation, the
total differential of (3) is taken as follows:

8T (na1y, = 8T, ~ 0.23 An§Tn, = 8Tn,). (4)
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Fig. 6—Details of furnace. A. Copper waveguide section with water
jacket. B. Water jacket. C. Firebrick insulation. D. Aluminum
oxide core with nichrome windings. E. Thermocouples. F. Pile
graphite liner. G. Inconel heat reflector. H. Hot load.

I J- E. Sees, “Fundamentals in Noise Source Calibration at
Microwave Frequencics,” Naval Res. Lab., Washington, D. C,, NRL
Rept. No. 5051; 1958.
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The gold waveguide is approximately 10 inches in
length from the end of the hot load to its flange; its wall
temperature drop is about 230°C. The resultant drop in
noise temperature along its length is about 2°C. This can
be calculated accurately enough to contribute an error of
less than 1°K. The nickel waveguide, on the other hand,
maintains the balance of the wall temperature drop
across its three-inch length. This adversely affects the
error introduced, as seen from (4). In addition, the wall
temperature range passes through the Curie point of
nickel where the behavior of the permeability is not
known to a high degree of accuracy. This leads to an
error in the enleulnted noise temperature drop that ean
be as much as 3°K for the last two inches of the nickel
waveguide.

RESULTS

One of the commonly used noise sources in the labora-
tory in the WR-90 waveguide size is' the Bendix Type
TD-11 discharge tube. Nine tubes of this general type,
but quality controiled by the manufacturer to closer tol-
erances, were measured at 9800 Mc by the technique de-
scribed. Preliminary measurements of these tubes at
200.0 ma discharge current indicate an excess. &mse
ratio, (T'x/290) —1 (in the mount), of about #5808 db
above 290°K. The total variation among all tubes was
0.03 db. The mount used was a selected commercial 10°
E-plane type having a reflection coefficient of approxi-
mately 0.01. The back side of the mount was termi-
nated with a load having a reflection coefficient of 0.005.
The hot insertion loss of the tube (about 30 db attenua-
tion) was such as to make effects of the temperature and
mismatch of the back load less than 0.01 db. The results
reported here are not corrected for mount attenuation.
Fig. 7 is an illustration of the complete system.,

e A

Fig. 7—Illustration of complete system.

DiscussioN AND CONCLUSIONS

A system has been described which is capable of ex-
ceedingly accurate noise measurements. The sources of
error fall into the usual categories of random and system-
atic errors: The random errors detailed previously can
cause a limiting uncertainty of about 0.01 to 0.02 db.
These are principally centered in the mismatch errors

Estin, et al.: Tcmperalures of Microwave Noise Sources
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associated with the precision attenuator and with the
waveguide switch and associated flanges. With (he
present state of the art, the most refined techniques
were needed to reduce the attenuation mismatch error
to allowable tolerances. Construction of a precision at-
tenuator of better match characteristics and/or load iso-
lators of better match would afford a simple partial solu-
tion. We recognize, though, that those used represent
close to the limit of present commercially available
components. Consequently, the best solution may lic in
the direction of reducing the over-all frequency bhand
which must be matched with stub tuners. This can he
done either by reducing the intermediate frequency and
accepting a narrower bandwidth and consequent loss of
signal power, or by using a broad-band distributed
amplifier in place of the IF amplifier.!

The more serious limitations of the system lie in the
systematic errors that are insufficiently known. Though
no results can be reported as yet, investigation is being
carried out on the following factors:

1) Change in calibration of the precision attenuator
either suddenly because of movement or gradually with
aging.

2) Change in calibration of the platinum thermo-
couples due to crystal growth and migration as a result
of repeated heating.?

3) The attenuation of the section of nickel waveguide
is proportional to the square root of its microwave rela-
tive permeability. Above the Curie point (about 380°C),
the material can to a good approximation be assumed:
paramagnetic; below the Curie point, however, a de-
tailed knowledge is necessary to calculate accurately its
attenuation.

4) The effect of harmonics of microwave frequencies.
Although the crystal conversion loss is increased at har-
monic frequencies, it is still probably sensitive enough
to detect such components. If the precision attenuator
calibration at these harmonic frequencies differs {rom
that at the fundamental, a source of error is introduced.
This is particularly true if higher modes, TE;,, TEs, ctc.,
are introduced by the sources.
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